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IllPBODIlCTION 

Importance of OH Groups i n  Coal Processing 

I t  is  general ly  agreed t h a t  the evolut ion of phenolic groups is  a c r i t i c a l  p a r t  of 
coal  l i que fac t ion .  However, l i t t l e  is known about the homogeneous chemical r eac t ions  
which, during l i q u e f a c t i o n ,  br ing about deoxygenation on the one hand, or coupling 
r eac t ions  on the  o the r  hand. This is p a r t i c u l a r l y  t r u e  f o r  polyhydroxy aromatic 
s t ruc tu res .  For i n s t ance ,  a l though polyhydroxybenzenes a r e  a basic u n i t  of l i g n i n  
s t r u c t u r e s  and a r e  presumed t o  p e r s i s t  i n  low-rank coa l  s t ruc tu res ,  polyhydroxyben- 
zenes a r e  not s u b s t a n t i a l  cons t i t uen t s  of l i que fac t ion  products (L,, . I n  con t r a s t ,  
pyrolysis  of l o r r a n k  coa l s  under condi t ions t h a t  minimize secondary r eac t ions  of 
evolved v o l a t i l e s  produces l a rge  amounts of dihydroxy benzenes (2,. I n  some cases ,  
dihydroxybenzenes a r e  even the dominant component of the v o l a t i l e s  (4,. Thus, i t  is 
c l e a r  that  under coa l  l i q u e f a c t i o n  condi t ions,  these dihydroxyaromatics r eac t  e i t h e r  
i n  "simple" dehydroxylat ions or i n  condensation processes t o  form high molecular 
weight products.  Since the  former process i s  highly d e s i r a b l e  and the  l a t t e r  highly 
undesirable ,  i t  is important t o  understand the chemistry responsible  f o r  these pro- 
cesses .  I n  t h i s  paper,  we desc r ibe  i n i t i a l  r e s u l t s  of model compound and coal  l ique-  
f a c t i o n  s tud ie s  designed t o  e l u c i d a t e  the  self-coupling r eac t ions  of dihydroxyaromat- 
I C s  t h a t  m y  account both fo r  the disappearance of Ar(OH)2 s t r u c t u r e s  during coal  
l i que fac t ion  and the degradat ion of l i que fac t ion  and py ro lys i s  p rope r t i e s  t ha t  of ten 
occurs upon coa l  "aging" (5,. 

Self-coupling of ArOH 

With s i m p l e ,  monocyclic phenols,  coupling can be induced a t  room temperature by the 
presence of oxygen, base,  and t r a n s i t i o n  metal c a t a l y s t ,  as descr ibed i n  the l i t e r -  
a t u r e  fo r  the p repa ra t ion  of polyphenylene oxide polymers (k). Simple, b i cyc l i c  
phenols a r e  known t o  couple t o  form b ia ry l  or d i a ry l - e the r  l inkages (L). However, i n  
the absence of added ox id iz ing  agents ,  the r a t e s  of t hese  r eac t ions  a r e  slow even at  
400°C, and are gene ra l ly  not observable under the reducing condi t ions t h a t  a r e  main- 
ta ined during coa l  l i que fac t ion .  
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These slow reaction rates notwithstanding, it is commonly assumed that the principal 
reaction involved in the loss of the c.a. 50% oxygen (as water) that occurs during 
pyrolysis between 350 and 400'C is the coupling of phenols to form diary1 ethers (5). 
While searching for phenolic atructures reactive enough to account for the rapid 
incorporation of "HQ into coal structures, we observed that nonquinonoidal dihydroxy- 
aromatics couple rapidly not only with THQ but also with themselves, even under the 
reducing conditions provided by reaction in hydroaromatic solvents. At 4OO0C, in the 
absence of donor solvents, this coupling can be sufficiently rapid so that after one 
hour, no starting phenol can be detected (99.9% reaction), and all coupling products 
have high molecular weights. With neat resorcinol, for example, the starting 
material was >99% consumed, but no product could be seen, either by capillary gc or 
by field ionization (FI) mass spectrometry with a high temperature inlet. The 
results described b e l o w  indicate the nature of the products and provide information 
about the chemistry responsible for their production. 

EKel3lullEnTAL- 

Catechol, resorcinol, 1,3-dihydroxybenzene, m-cresol, tetralin, 9,lO-dihydrophenanth- 
rene, and 9.10-dihydroanthracene were obtained from Aldrich Chemical Company and used 
without further purification. The polyphenylene oxide was obtained from Poly- 
sciences, Inc. The Wyodak coal, which was stored under water from the time of samp- 
ling until use, was obtained from Electric Power Research Institute. Most model 
compound reactions were conducted in sealed. 4-mm-od. fused silica ampoules that were 
loaded, together with some solvent (to equalize pressure), into a 3/8-in-od, Swagelok 
capped stainless-steel jacket. This assembly was heated for the prescribed reaction 
time in a molten salt bath whose temperature was controlled to within M.3'C and then 
quenched in a water bath. The hybrid experiments containing both coal and model 
compounds, and model compound experiments for which identical conditions were 
desired, were performed directly in 3/8-inch and l/l-inch stainless-steel micro- 
reactors without a fused silica liner. Product mixtures were analyzed by GC, GC/MS, 
and by field ionization mass spectrometry (FIMS). 

Self-coupling of A r ( O H ) 2  

The conditions, which result in the complete loss of resorcinol to high molecular 
weight products referred to in the introduction, are shown in Table 1. Lack of vola- 
tility under the high vacuum/450'C conditions of the P I S  inlet system generally 
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means a molecular weight we l l  i n  excess of 600. I n  the  case of r e so rc ino l ,  with a 
molecular weight of 110, t h i s  would mean tha t  t he re  is no s i g n i f i c a n t  amount of 
polymer below hexamer. As seen i n  Table 1, d i l u t i o n  of the  r e so rc ino l  with a hydro- 
gen donor so lvent  changing the reac tor  from s t a i n l e s s  steel to  fused s i l i c a ,  and 
ca r ry ing  o u t  the  r e a c t i o n  i n  the absence of atmospheric oxygen, a l l  se rve  t o  decrease 
the  r e so rc ino l  loss through coupling. 

Table 1 

LOSS OF RESORCINOL TO HIGH MOLECULAR WEIGHT PRODUCTS 
UNDER LIQUEFACTION CONDITIONS 

4OO0C, 1 hr > 

> 0 0 no products 
v i s i b l e  by GC 

or PIMS 

> 44 0.3 no o the r  products 
v i s i b l e  by GC 

sst tube, air 100% 

quar t z ,  evac. 100% 

80 5 0.1 no o the r  products 
v i s i b l e  by GC 

90% t e t r a l i n  > 
sst tube, N2 10% 

90 5 0.1 no o the r  products 
v i s i b l e  by GC 

502 T e t r a l i n  > 
quar t z  tube ,  evac. 

50% 

However, even when 90% of the  r e so rc ino l  was recovered unreacted, no low molecular 
weight coupling products could be seen. Evident ly ,  the  r eac t ion  of i n i t i a l  coupling 
products wi th  more r e so rc ino l  t o  form higher molecular weight ma te r i a l s  is consid- 
e rab ly  more rapid than  t h e  r eac t ion  of r e so rc ino l  wi th  itself t o  form more dimer. 
Ultimately,  we were success fu l  in seeing and iden t i fy ing  low molecular weight pro- 
duc ts  of r e so rc ino l  by ca r ry ing  out the  r eac t ion  i n  the  presence of reagents t h a t  
could terminate the ends of the growing oligomer. However, the types of reac t ions  
respons ib le  f o r  t he  coupling were f i r s t  and most c l e a r l y  i d e n t i f i e d  using a s u b s t r a t e  
where the r a t i o  of dimer formation r a t e  constant t o  dimer consumption r a t e  cons tan ts  
was considerbly h igher .  This involved use of 1,3-dihydroxynaphthalene (DHN) as the  
model compound. (With DHN, t he  formation of dimers and h igher  oligomers a l l  involve 
a t t a c k  on a po lycycl ic  a romat ic  system, whereas with s ing le  r ing  Ar(OH)2, t he  forma- 
t i o n  of t r imer ,  t e t ramer ,  e t c . ,  involves a t t a c k  on polycycl ic  systems and is  evi- 
den t ly  m r e  rapid than t h e  i n i t i a l  s t ep ,  dimer formation, which involves a t t a c k  on 
the  less reac t ive  monocyclic system of r e so rc ino l  i t s e l f . )  

Examination of the DHN product mixtures,  which w i l l  be discussed below, revea ls  t h a t  
t he  coupling involves  formation of a dibenzofuran l inkage  between two re so rc ino l  
molecules. This coupling is shown f o r  r e so rc ino l  a s  r eac t ions  5a-e. The r eac t ion  is 
shown beginning with a t t a c k  of t he  carbon-centered resonance form of a phenoq  radi-  
c a l ,  a r eac t ion  we cons ider  l i k e l y .  However, the a c t u a l  mechanism is s t i l l  a matter 
of specula t ion ,  and r eac t ions  5a-e a re  intended pr imar i ly  t o  show the  stoichiometry 
of the  coupling. The of loss of OH in a unimolecular process can occur slowly a t  
400% (L), but may neve r the l e s s  be less l i k e l y  than an acid-catalyzed water elimina- 
t i o n  process. 
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The stoichiometry of A r ( 0 H )  se l f -coupl ing  shown above was obtained pr imar i ly  from 
t h e  product-mixture molecular ion p r o f i l e s  provided by f i e l d  i o n i z a t i o n  mass 
spectrometry.  Figure 1 shows the PI mass spectrum of the  products obtained from the  
reac t ion  of the b i cyc l i c  ana log  of resorc inol ,  1,3-dihydroxynaphthalene (DHN) , in the 
presence of meta-cresol. 

on 

OH OH 

on 

Inspec t ion  of Figure 1 revea l s  groups of peaks t h a t  appear t o  form homologous series 
cons i s t ing  of "dimers," "trimers," " te t ramers ,"  etc., and t h i s  is confirmed by the  
f a c t  t h a t  t he  common increment in t hese  series is 140 amu. 140 mass u n i t s  corres- 
ponds t o  160-18-2, or t o  DHN monomer minus the  elements of water,  minus the  elements 
of H2. Thus, each monomer u n i t  is added t o  the  growing oligomer by formation of one 
l inkage  with loss of water, and formation of t he  o the r  wi th  l o s s  of 2 ( H ) .  Some pro-  
duc ts  a r e  exceptions t o  t h i s  coupling pa t t e rn ,  but the  above s to ich iometry  and the  
geometrical  coupling requirements of the 1.3-DHN system c l e a r l y  i n d i c a t e  t h a t  the  
p r inc ipa l  coupling is pr imar i ly  through formation of dinaphtho-(or dibenzo-)-furan 
l inkages.  These dibenzofuran-type couplings form very r e f r a c t o r y  ma te r i a l s ,  a s  w i l l  
be discussed l a t e r .  

The FI  mass spectrum in Figure 1 shows groups of "dimers," "trimers," e tc . ,  r a the r  
than a s i n g l e  molecular weight f o r  each oligomer. This is because of v a r i a t i o n s  i n  
the  lo s s  of add i t iona l  hydroxy groups and in "capping" of the  oligomers by coupling 
with c re so l .  These var ious  kinds of coupling r eac t ions  are s u f f i c i e n t l y  rapid tha t  
unreacted s t a r t i n g  material (m/z 160) accounts f o r  less than 0.5% of the  t o t a l  ion 
i n t e n s i t y  in Figure 1. Simi la r ly ,  t he  peak a t  m/z 302 (which subsequent spec t r a  w i l l  
demonstrate t o  be the  i n i t i a l  coupling product) accounts in Figure  1 f o r  only 0.1% of 
the  t o t a l  ion i n t e n s i t y .  S l i g h t l y  more prominent, a t  0.7% , is m/z 300, represent ing  
the  dihydroxy-dinaphthofuran formed by e l imina t ion  of 2 ( H )  from m/z 302. S t i l l  w r e  
prominent a r e  m/z 284 and 268, the dehydroxylation products of m/z 300. Although, 
s t r i c t l y  speaking, t he  FINS spec t r a  only i n d i c a t e  the  molecular weight of t he  var ious  
products,  in a case l i k e  t h i s  where the  s t a r t i n g  ma te r i a l s  a r e  known and the  chemis- 
t r y  invoked is reasonable,  the  molecular formulae of t he  products and the  gross 
s t r u c t u r e  (e.g., phenol vs  ketone) can o f t en  be assigned wi th  reasonable confidence. 
An example where ambiguity is poss ib le  is m/z 408 i n  Figure 1. Here, two poss ib i l i -  
ties a r e  shown, one a DHN trimer, and one a dimer capped by c r e s o l .  In f a c t ,  t h i s  
p a r t i c u l a r  ambiguity is l a r g e l y  resolved in favor  of t he  cresol-capped dimer (and 
analogous peaks), s ince  the  i n t e n s i t i e s  of the peaks in ques t ion  are g r e a t l y  reduced 
in the  absence of c re so l .  Assignment of the  p o s i t i o n a l  isomers is s i g n i f i c a n t l y  l e s s  
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c e r t a i n ;  those shown on Figure  1 a re  merely those t h a t  we cons ider  l i k e l y  from steric 
and e l ec t ron ic  cons idera t ions .  

Inh ib i t i on  of DHN Coupling 

From t h e  cons idera t ions  d iscussed  above, i t  appears t h a t  t he  c r e s o l  se rves  t o  i n h i b i t  
continued polymerization of DHN by "capping" r eac t ive  por t ions  of the growing oligc- 
mer8 w i t h  a less r e a c t i v e  c re so l  fragment. (This  could account f o r  the  bene f i c i a l  
e f f e c t s  of phenolic so lven t  cons t i t uen t s  claimed under some coa l  l i que fac t ion  condi- 
t ions . )  However, Figure 2 shows tha t  some so lvent  cons t i t uen t s  i n h i b i t  DHN coupling 
without becoming incorpora ted  in the coupling products.  Figure 2a is the  FI mass 
spectrum of a product ob ta ined  under condi t ions  similar t o  those of Figure 1, except 
t h a t  t he  1:l DHN:cresol mix ture  has  been d i lu t ed  wi th  50% t e t r a l i n .  
Products obtained a t  similar concent ra t ions  and much s h o r t e r  r eac t ion  times a r e  shovn 
in Figure 2b. 

I n  Figure 2a, the  coupling r eac t ions  a r e  q u i t e  c l e a r l y  inh ib i t ed  by the  solvent 
change: unrescted s t a r t i n g  ma te r i a l  is increased t o  - 5% of the t o t a l  ion i n t e n s i t y  
(vs  ,., 0.3% in Figure 1). Also, the  propor t ion  of trimers and te t ramers  is decreased 
r e l a t i v e  t o  dimers. The i n t e n s i t y  of m/z 302, the  proposed i n i t i a l  coupling product, 
is increased from 0.1 t o  1 4 % ,  and the  r e l a t i v e  prominence of masses t h a t  most prob- 
ably r e f l e c t  capping by c r e s o l  (e.g., 408, 548) is markedly decreased. The decreased 
r eac t ion  time r e f l ec t ed  in the products in Figure 2b r e su l t ed  i n  a f u r t h e r  dec l ine  in 
the  y i e ld  of coupling products,  p s r t i c u l a r l y  products beyond the  l e v e l  of dimers. 
Spec i f i ca l ly ,  m/z 302 accounts f o r  30% of the  t o t a l  ion i n t e n s i t y  and f o r  v i r t u a l l y  
100% of the products ,  and thus is qu i t e  c l e a r l y  t h e  i n i t i a l  coupling product. 

The primary f a c t o r  in diminish ing  the  coupling seen in Figure 2a is ac tua l ly  the 
presence of the  donor, r a t h e r  than merely the d i l u t i o n  of the  coupling subs t r a t e ,  
because d i l u t i o n  of the  DHN-cresol mixture with naphthalene r a t h e r  than t e t r a l i n  
results i n  a l e s s  marked inc rease  in the  propor t ion  of remaining s t a r t i n g  mater ia l .  
Moreover, the add i t ion  of o ther  hydroaromatics known t o  be more e f f e c t i v e  donor sol- 
vents ( for  coa l  l i q u e f a c t i o n )  than t e t r a l i n ,  as shown in Table 2,  causes 

Table 2 

EFFECT OF DONOR SOLVENTS ON RECOVERY OF 
UNREACTED DHN AND ITS PRODUCTS 

I n i t i a l  Concentration. m% m% of I n i t i a l  DHN 

> 16% 1.8% 12.7% 

> 29% 3.6% 12.3% 

> -22% 26.3% 13.1% 

53% 7.4% 23.9% 

> -9% 16.9% 11.6% 

90% Naphthalene 10% 

10% 90% T e t r a l i n  

90% 9,lO-Dihydroanthracene 

90% 9.10-Dihydrophenanthrene) 

70% t e t r a l i n  
lox KM Fe-oxide 

I I 

? 

I 

! 

\ 
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a very marked inc rease  i n  the  amount of remaining s t a r t i n g  ma te r i a l  and a decrease i n  
the  t o t a l  amount of ma te r i a l  c l a s s i f i e d  as dimeric o r  higher molecular weight. 
Two i n t e r e s t i n g  observa t ions  are t h a t  9,10-dihydrophenanthrene i s  s u b s t a n t i a l l y  m r e  
e f f e c t i v e  a t  preventing coupling than is g,lO-dihydroanthracene, but t h a t  the la t ter  
i s  much more e f f e c t i v e  a t  promoting the deoxygenation of the  mnomer. The f i r s t  
observs t ion  i s  i n t e r e s t i n g  i n  t h a t  dihydrophenanthrene is  genera l ly  observed t o  be a 
more e f f ec t ive  l i que fac t ion  so lvent  than i s  dihydroanthracene (E,z), even though 
dihydroanthracene, as a b e t t e r  r a d i c a l  scavenger, b e t t e r  f u l f i l l s  t he  t r a d i t i o n a l  
r a d i c a l  "capping" requirement f o r  donor so lven t s  (12). Simi la r ly ,  t he  observa t ion  of 
dehydroxylation is another reminder t h a t  dur ing  c z l  l i que fac t ion  many things happen 
t h a t  could not be accomplished i f  donor so lven t s  were t o  func t ion  merely a s  r a d i c a l  
capping agents (L). 

Effec t  of THQ on DliN Self-Coupling 

Because c re so l s  appear t o  serve  as capping agents t h a t  l i m i t  the  s i z e  of the  growing 
polymers, i t  was of i n t e r e s t  t o  see  what e f f e c t  on the coupling process  would be 
exer ted  by hydroaromatic amine so lven t s ,  such a s  1,2,3,4-tetrahydroquinoline (THQ), 
t h a t  a r e  known to  be e f f e c t i v e  l i que fac t ion  agents and t o  couple with phenols (13). 
Addi t iona l  reasons f o r  t e s t i n g  THQ as a coupling i n h i b i t o r  a r e  t h a t  t he  Ar(OHIZ s e l f -  
coupling could be i n i t i a t e d  by an ac id  ca ta lyzed  e l e c t r o p h i l i c  r eac t ion ,  and i f  so, 
should be suppressed by base. (It is a l ready  known, but not understood, t ha t  THQ 
does not promote the formation of dibenzofuran during the base-catalyzed cleavage of 
p-hydroxydiphenyl e the r  (14) . )  Figure 3 shows an FI mass spectrum of products 
obtained under c o n d i t i o n s s i m i l a r  t o  those of Figure 1 (50% t e t r a l i n ,  25% DHN, 25% 
c r e s o l ) ,  except t ha t  t h e  c r e s o l  was replaced by THQ. 

The amount of unreacted s t a r t i n g  ma te r i a l  is  s imi l a r  t o  t h a t  shown i n  F igure  1. The 
homologous series i n  Figure 2, a l s o  appear,  a t  f i r s t  glance,  t o  have a s i m i l a r  c h a r  
a c t e r .  However, i n spec t ion  of the group -nominally represent ing  t r imers  (mlz 350 t o  
450) revea ls  tha t  the  wst prominent masses a r e  not t he  same as i n  F igure  1. More- 
over,  the most prominent new masses a r e  odd. I n  o the r  words, these  " t r imers"  conta in  
1 ni t rogen  atom, and thus a r e  not r e a l l y  trimers, but dimers capped by THQ. Simi- 
l a r l y ,  many of the "dimers" a r e  r e a l l y  the DHN-THQ nuc leophi l ic  condensation product 
(m/z 275) or secondary products derived from t h i s  material. Thus, THQ does indeed 
i n h i b i t  the formation of the  higher oligomers,  but it does so pr imar i ly  by "capping" 
these  products and becoming covalen t ly  bound i n t o  the  coa l  s t r u c t u r e s ,  r a t h e r  than  by 
i n h i b i t i n g  the DHN self-coupling p e r s e .  

Attempts t o  Reverse Ar(OH) ,  Coupling: 

Dibenzofuran-type s t r u c t u r e s  a r e  w e l l  known t o  represent  very r e f r a c t o r y  s inks  f o r  
coa l  oxygen. A na tu ra l  ques t ion ,  t he re fo re ,  is, "Is t he re  any simple, p r a c t i c a l  way, 
sho r t  of severe hydro t rea t ing  condi t ions ,  t o  reverse  the  coupling process?" Although 
dibenzofuran i t s e l f  is very s t a b l e  i n  donor so lven t s  a t  400°C, the  presence of 
hydroxy groups ortho- o r  para- t o  the  e the r  l inkage  provides a s t r u c t u r e  which might 
be more suscept ib le  t o  bond cleavage. The reason f o r  t h i s  increased  s u s c e p t i b i l i t y  
i s  t h a t  1-hydroxydibenzofuran, f o r  ins tance ,  is similar t o  para-hydroxydiphenylether. 
This l a t t e r  compound, although very s t rong ly  bonded and r e s i s t a n t  t o  thermolysis,  is  
very suscep t ib l e  t o  cleavage i n  bas i c  donor so lvent  systems (13,14,15).  For 
in s t ance ,  i n  a te t ra l in-10% p ipe r id ine  mixture at 400 C ,  para-hydroxydiphenyl e t h e r  
decomposes to  phenol with a h a l f - l i f e  of less than 5 minutes, as compared wi th  a 
h a l f - l i f e  of 100 hours i n  pure t e t r a l i n .  

However, tests wi th  1-hydroxydibenzofuran (as a monomeric model f o r  AI?(OH)~ s e l f -  
coupling products) show i t  t o  be very s t a b l e  i n  THQ-tetralin mixtures ( l e s s  than 0.1% 
reac t ion  i n  1 h r  a t  4OOOC). Evidently,  any opening of the  e the r  l inkage  t h a t  occurs  
is r ead i ly  reversed, s ince  the two fragments are he ld  i n  c lose  proximity by t h e  

The S t a b i l i t y  of Dibenzofuran Linkages 
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biphenyl  l inkage. Because of t he  s t a b i l i t y  of hydroxydibenzofuran, and i n  o rde r  t o  
t e s t  t he  presumption t h a t  t he  s t u d i e s  of base-promoted bond-cleavage rates of hydrox- 
ydiphenyl e t h e r  may apply t o  a polymeric system, w e  measured the rate of depolyneriz- 
a t i o n  of a commercial polyphenyl e t h e r ,  2,6-dimethyl polyphenylene oxide. This poly- 
mer c o n s i s t s  of diphenyl e t h e r  u n i t s  i n  which the  terminal  phenyl groups still  bear a 
hydroxy group. The polymer should the re fo re  be suscep t ib l e  to  an "unzipping" process 
i n  which t h e  diphenyl e t h e r  u n i t  bear ing t h e  hydroxy group i s  subject  t o  base cataly-  
zed cleavage. In  f a c t ,  t he  r a t e  of production of monomer was found t o  correspond 
very c lose ly  to t h a t  p red ic t ed  on t h e  basis of t he  measured r a t e  f o r  c e n t r a l  bond 
s c i s s i o n  i n  p-hydroxydiphenyl e t h e r  i t s e l f  (13,14,15). 

The s t a b i l i t y  of 1-hydroxydibenzofuran and the l a b i l i t y  of both monomeric and poly- 
meric hydroxybiphenyl e t h e r  systems al low us t o  make two  conclusions.  F i r s t ,  the  
opening of the r e l a t i v e l y  l a b i l e  hydroxydiphenyl e t h e r  l inkage i n  hydroxylated diben- 
zofurans does not provide an easy route  t o  des t ruc t ion  of the e n t i r e  dibenzofuran 
l inkage.  Second, i t  probably does not beacause the most favorable  r eac t ion  following 
opening of the e t h e r  l inkage i s  simply t h e  r ec los ing  of t h a t  l inkage. In add i t ion ,  
the s t a b i l i t y  of the DHN-coupling products i n  basic  donor-solvent systems provides 
a d d i t i o n a l  proof t h a t  t h e  coupling products are indeed joined by fu ran  l inkages 
( i . e . ,  one d i a ry1  e t h e r  l i n k  and one biphenyl l i n k ) .  The a l t e r n a t i v e  would be 
d iox in  l inkages (two d i a r y 1  e t h e r  l i nks ) .  I n  t h i s  case a l l  of t he  e t h e r  l i n k s  would 
have an ortho-or para-hydroxy (o r  would have one generated when a n  adjacent  e the r  
l i n k  i s  opened), and the re fo re  a l l  l inkages would be suscep t ib l e  t o  base-catalyzed 
cleavage. 

Presence i n  Wyodak Coal of s t r u c t u r e  of similar Reac t iv i ty  t o  DHN 

I f  1,3-  and o the r  non-quinonoidal dihydroxyaromatics a r e  s i g n i f i c a n t  i n  r e a l  coa l s ,  
t h e  above r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  these s t r u c t u r e s  a r e  probable sources of 
r ap id  r e t rog res s ive  r e a c t i o n s  during coa l  l i que fac t ion  (and possibly during oxidat ive 
weathering).  The s t r u c t u r e s  of var ious l i g n i n  components do suggest t ha t  di-(and 
even t r i -  )hydroxy aromatics  may be important i n  low-rank coal  s t r u c t u r e s .  This 
a n t i c i p a t i o n  is confirmed by the pyrolysis-FI-mass-spectrum of a Wyodak coa l ,  shown 
i n  Figure 4, i n  which t h e  most prominent peak i n  t h e  e n t i r e  spectrum i s  t h a t  a t  m/z 
110. Under non-fragmenting cond i t ions ,  t he  predominant con t r ibu to r  t o  m/z 110 w i l l  
be t h e  molecular i on ( s )  of dihydroxybenzene(s). A l m o s t  a s  prominent a r e  peaks a t  m/z 
124 and 138, corresponding t o  C1- and C -dihydroxybnezenes. S imi l a r ly ,  Meuzelaar and 
coworkers have p rev ious ly  reported prominent peaks i n  t h e  110, L24, 138 series in the  
pyrolysis-EI-mass s p e c t r a  of o the r  western coa l s  (3).  Given the abundance of dihy- 
droxybenzenes ind ica t ed  by these  mass s p e c t r a l  a n a l y s e s ,  the pe r t inen t  quest ion 
becomes whether t he  dihydroxybenenes and o the r  Ar(OHI2 a r e  1,2-, 1,3-, o r  1,4-, isom- 
ers, and how t h e i r  r e a c t i v i t y  compares t o  t h a t  of t h e  1,J-DHN discussed above. 
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An i nd ica t ion  of the  range of self-coupling r e a c t i v i t i e s  encompassed by mono- and bi- 
c y c l i c  ArOH and Ar(OH)2 is  given by the measured and es t imated  ha l f - l i ves  shown i n  
Figure 5- Half-l ives i n  hours a r e  shown f o r  four  phenolics under th ree  sets of reac- 
t i o n  conditions tha t  a r e  progress ive ly  less favorable  f o r  self-coupling. The f i r s t  
s e t  of four  bars shows the  coupling ha l f - l i ves  under the  condi t ions  descr ibed  i n  the 
l i t e r a t u r e  f o r  polyphenyl e t h e r  formation, where the  coupling even of simple phenols 
takes place i n  only a few minutes (6), and the  coupling of t he  three  polycycl ic  or  
polyphenolic ma te r i a l s  is presumed t o b e  unobservably rapid on the  time s c a l e  of Fig- 
ure  5 .  The second and t h i r d  s e t s  of bars correspsond t o  ha l f - l i ves  measured i n  t h i s  
work. The second s e t  of condi t ions  is reac t ion  of the nea t  phenols i n  t h e  absence of 
any added oxidant.  Under these  condi t ions ,  the h a l f - l i f e  f o r  coupling of phenol 
i t s e l f  exceeds 27 hours, and .those f o r  the  three  more r eac t ive  phenols become long 
enough t o  move onto the  time sca l e  of Figure 5. The t h i r d  set of condi t ions  i s  nom- 
i n a l l y  the most re levant  fo r  coa l  l i que fac t ion ,  i n  tha t  the phenols are d i lu t ed  i n  a 
hydroaromatic solvent (25% i n  t e t r a l i n ) .  Under these  condi t ions  only t h e  two dihy- 
d r o v  compounds undergo measureable self-coupling on coa l  l i que fac t ion  time sca le s .  
From these  data,  we would conclude t h a t  1,3-dihydroxynaphthalene s t r u c t u r e s  i n  coa l s ,  
i f  prominent, would c e r t a i n l y  be subjec t  t o  self-coupling r eac t ions .  For 1,3-dihy- 
droxybenzene, coupling would appear poss ib le ,  but not assured. 

The da ta  i n  Figure 5 g ive  no information on quinonoidal dihydroxyaromatics. L i t e ra -  
t u re  da ta  fo r  low-temperature coupling r eac t ions  of quinones would suggest t h a t  under 
oxid iz ing  condi t ions ,  they could be even more r eac t ive  than non-quinonoidal Ar(OH)2 
(16,17,18). However, s epa ra t e  experiments revea l  t h a t  1,4-dihydroxynaphthalene i n  
donor so lvents  undergoes deoxygenation s u f f i c i e n t l y  rap id ly  t o  l a rge ly  prevent s e l f -  
coupling. On the o ther  hand, 1,2-dihydroxybenzene ( ca t echo l ) ,  the  most probable 
coal-derived isomer, does not undergo rap id  deoxygenation and is  sub jec t  t o  s e l f -  
coupling a t  a s l i g h t l y  slower r a t e  than r e so rc ino l .  I n  order  t o  de r ive  some addi- 
t i o n a l  information bearing on the ques t ion  of the  type,  abundance, and r e a c t i v i t y  of 
the  "native" Ar(OH)2 s t r u c t u r e s  i n  low-rank coa l s ,  we ca r r i ed  out a s e r i e s  of 
"hybrid" experiments i n  which Wyodak coa l  was added t o  the 1,3-DHN-tetralin-THQ m i x -  
tu res .  These r e s u l t s ,  shown i n  Table 3 ,  revea l  the  following: (1)  formation of high 
molecular weight products from DHN is acce lera ted  by the  presence of t he  coa l ,  and 
(11) tha t  the DHN self-coupling i t s e l f  appears not t o  be acce le ra t ed  by the  presence 
of the coal.  

Table 3 

EFFECT OF COAL ON THE REACTION OF 1,3-DIHYDROXYNAPHTHALENE 
IN DONOR SOLVENTS AT 40OoC; 1 hr 

Uyodak RUU 
No. O W  Tetcalin THQ Coal 

IV-75 25 75 - - 
IV-81 25 75 - 
IV-41 5 75 20 - 
IV-70 5 75 20 80 .sa 

80 .sa 

- 

Products (mx) 

ElUQ + Q NUC. C o d .  
+ 0th.r d l r r .  

DEN 

- - 1.7 5.4 2.6 43 

0 3.8 0.8 - - 7 

0 5.7 1.2 5 62.4 17.9 

0 3.1 0.1 - < 0.1 62.9 0 
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These results sugges t  t h a t  Wyodak coa l  i t s e l f  conta ins  s t r u c t u r e s  t h a t  couple w r e  
r ead i ly  with DHN than DHN does e i t h e r  with i t s e l f  or with THQ. S i m i l a r  r e s u l t s  were 
obtained when hybr id  experiments were performed wi th  1.3- and 1.2-dihydroxybenzene. 
Thus, Wyodak coa l  con ta ins  a t ruc tu res  tha t  couple more r ead i ly  with any of these 
th ree  dihydroxyaromatics than they do with themselves. Given the  prominence, discus- 
sed above, of dihydroxybenzenes in low-rank coa ls  and c e r t a i n  low-sever i ty  products 
of such coals,  i t  appears  t h a t  dihydroxyaromatics. as a genera l  c l a s s ,  emerge as very 
good candidates f o r  t h e  s t r u c t u r e s  t h a t  undergo the  r e t rog res s ive  reac t ions  tha t  
o f t en  rap id ly  degrade t h e  c o n v e r t i b i l i t y  of low-rank coa l s .  Therefore,  an  improved 
understanding of the  mechanism(s) of these  couplings may a i d  in f ind ing  means of l i m -  
i t i n g  the  l o s s e s  in c o n v e r t i b i l i t y .  

I 

P o t e n t i a l  E f f e c t s  of Water on Ar(OH), Coupling 

It may be s i g n i f i c a n t  t h a t  water is a product of t he  formation of benzofuran l inkages  
and t h a t  t h e  dry ing  of low-rank coa ls  before l i que fac t ion  o f t en  reduces the  subse- 
quent conversion y i e l d s  ( 5 ) .  I n  r e a l  coa ls  we would expect the  Ar(0H) s t ruc tu res  
(or  t h e i r  p recursors )  t o  p a r t i a l l y  immobilized in t he  coa l  matrix,  wtich, in its 
water-swelled cond i t ion ,  would have neighboring Ar(0H)2 s t r u c t u r e s  l a rge ly  i so l a t ed  
from each o the r  by a "ge l"  of hydrogen-bonded water molecules. Under these  condi- 
t ions .  removal of t hese  water molecules would then be very c r i t i c a l ,  because it would 
provide for s t e r i c a l l y  favored coupling r eac t ions  wi th  very high bimolecular "A" 
f ac to r s .  

Poss ib l e  Mechanisms of Ar(OH), Coupling 

Although t h e  r e s u l t s  descr ibed  above c l e a r l y  i n d i c a t e  t h a t  Ar(OH)2 couple f i r s t  by 
e l imina t ing  water (presumably t o  form a biphenyl l inkage)  and second by e l imina t ing  
the  elements of H2 ( t o  form an  e the r  l inkage) ,  t he  d e t a i l e d  mechanisms of these  two 
s t e p s  a re  not c e r t a i n .  The formation of the  l inkage  with l o s s  of 2(H) is, by defini-  
t i on ,  an  ox ida t ive  coupling. (Thus, when DHN couples in a donor so lven t ,  we have an 
oxida t ion  in t h e  absence of any obvious oxid iz ing  agent.)  This coupling is presum- 
ab ly  the  s t e p  t h a t  b e n e f i t s  wst from the  presence of metal  oxide sur faces  and 0 . 
By analogy wi th  polyphenyl e the r  formation mechanisms (191, we presume one of tie 
func t ions  of t h e  t r a n s i t i o n  metal  oxide i s  t o  oxid ize  r a d i c a l  in te rmedia tes  t o  ca- 
t i ons  so t h a t  hydrogens can be l o s t  as protons,  r a the r  than a s  hydrogen atoms. How- 
ever ,  there  a r e  a number of cons idera t ions  t h a t  make d i r e c t  analogy with reported 
phenolic coupling processes  d i f f i c u l t .  One is the  f a c t  t h a t  low temperature poly- 
phenyl e the r  p repa ra t ion  tends t o  favor i n i t i a l  formation of carbon-oxygen bonds, 
which, being inhe ren t ly  weaker than C-C bonds (ZO), might not surv ive  long enough t o  
be s t a b i l i z e d  a t  400°C. Indeed, the  work of Pouxma with naphthols has shown t h a t  a t  
40O0C, t h e  i n i t i a l  product coupling is an oxida t ive  carbon-carbon coupling ( 7 ) ,  not a 
condensation process  t h a t  e l imina tes  water,  such as we see with the  dihydroxyaromat- 
i c s .  

In the  case of the  dihydroxyaromatfcs, a number of low-temperature, acid-catalyzed 
benzofuran-forming r eac t ions  involving 1,4-hydroquinone and r e so rc ino l  a r e  described 
by Wgberg and coworkers (16,17,18). Bowever, t hese  reac t ions  r equ i r e  one of the 
A ~ ( 0 8 ) ~  spec ie s  t o  be i n  t h e o a T e d  (quinone) form, and the re fo re  w i l l  no t  work f o r  
purely non-quinonoidal Ar(OH)2 systems. Furthermore, ne i the r  t h e  formation of an 
i n i t i a l  coupling product with water l o s s ,  nor the  absence of i n h i b i t i o n  by base. as 
seen in t he  present  work, are cons i s t en t  with t h e  r eac t ions  seen by Hugberg. 
Clear ly ,  in r e a c t i o n  a t  4OO0C, there  a r e  a number of mechanistic modes possible.  
Fur ther  exper imenta t ion  is necessary t o  d e l i n i a t e ,  i f  poss ib le ,  t he  mechanism, but i n  
any case, t o  de f ine  t h e  condi t ions  under which t h i s  c l a s s  of coupling reac t ions  can 
be minimized du r ing  coal conversion. 
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CONCLUSIONS 

Products: 
The coupling products a r e  generated pr imar i ly  through formation of dibenzofuran- 
type l inkages,  which r e s u l t  from i n i t i a l  formation of a biphenyl l inkage  with 
e l imina t ion  of water,  followed by formation of t he  e the r  l inkage  and e l imina t ion  
of the  elements of Z(H). 

The s i z e  of the  coupling products is l imi ted  by reagents ,  which cap the  growing 
oligomer (such a s  c re so l s  and THQ), and by donor so lven t s ,  which i n h i b i t  the 
coupling process without being consumed i n  capping the  polymer. 

Bates: 
The self-coupling r eac t ions  of 1.3-dihydroxynaphthalene a r e  so rap id  t h a t ,  a t  
coal l i que fac t ion  temperatures and on coal  l i que fac t ion  t i m e  s c a l e s ,  20 mol% DHN 
i n  any donor so lvent  undergoes a s u b s t a n t i a l  amount of coupling. 

Resorcinol is s i g n i f i c a n t l y  l e s s  reac t ive .  and presence of a donor-solvent, and 
the absence of O2 and s t a i n l e s s - s t e e l  sur faces  e a s i l y  enables  recovery of 90% of 
the  i n i t i a l  r e so rc ino l  unreacted. 

Wyodak coa l  appears t o  conta in  s t r u c t u r e s  tha t  r eac t  mare rap id ly  than e i t h e r  
resorc inol ,  ca techol ,  o r  DHN do with themselves, i nd ica t ing  t h a t  s t r u c t u r e s  of 
very high r e a c t i v i t y  are ava i l ab le  f o r  re t rograde  reac t ions .  These r eac t ive  
na t ive  s t r u c t u r e s  a r e  suggested to  be polyhydroxyaromatics, but i n  any case,  
t h e i r  demonstrated r e a c t i v i t y  with added LXR(OH)~,  unequivocally shows t h a t  
na t ive  AK(OH)~ (which a r e  shown t o  present by MS analyses)  a r e  subjec t  t o  rapid 
retrograde reac t ions  even under the  reducing condi t ions  present  during coa l  
l iquefac t ion .  

The order  of decreas ing  e f f ec t iveness  of so lven t s  i n  prevent ing  DHN coupling is 
9,lO-dihydrophenanthrene. 9,10-dihydro-anthracene, t e r a l i n ,  u rc re so l ,  
naphthalene. 
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I 
PROBING COAL STRUCTURE WITH INVERSE GAS AND LIQUID CHROMATOGRAPHY.* 

J. P. Goodman, P. H. Ne i l l ,  and R. L. McBeth, 

Chemistry Divis ion,  Argonne Nat ional  Laboratory,  
9700 South Cass Avenue, Argonne, Illinois 60439 

Introduct ion 

The ob jec t ive  of t h i s  s tudy is t o  examine v a r i a t i o n s  in coa l  s t r u c t u r e  using 
two inverse chromatography approaches. Inve r se  gas chromatography, a technique 
widely used for  s tudying polymers, is being used to study phase t r a n s i t i o n s  in 
coa l s  upon heating. In con t ra s t  t o  c l a s s i c a l  GC, i nve r se  chromatography probes 
t h e  s t a t i o n a r y  phase,  a coa l ,  by determining t h e  r e t e n t i o n  t ime of known com- 
pounds. Thls t r anspos i t i on  of known and unknown in the  GC experiment gives  r i s e  
to the  term " inve r se  chromatography". Inve r se  l i q u t d  chromatography, a new 
technique, is being used t o  examine coal  su r f aces .  This approach is analogous t o  
the  GC method except t h a t  so lven t s  a re  used. The coa l  samples w i l l  be chosen to 
examine v a r i a t i o n s  with rank and to i n v e s t i g a t e  s t r u c t u r a l  changes in ground 
coa l s ,  both in a i r  and in the  absence of a i r ,  as a func t ion  of time. These 
approaches show promise f o r  providing chemical information on s u b t l e  v a r i a t i o n s  in 
coa l  s t ruc tu re .  The i n i t i a l  experiments are descr ibed in t h i s  paper. 

Inverse GC (1-3) has been appl ied to polymers t o  measure the  g l a s s  t r a n s i t i o n  
temperature (4), t he  degree of c r y s t a l l i n i t y  (S), melt ing point  (6) .  thermo- 
dynamics of so lu t ion  (4,7) ,  and chemical composition (8,9). The f i r s t  use of t he  
term "inverse chromatography" is a t t r i b u t e d  t o  Davis and Peterson (8), who appl ied 
the  technique t o  the determination of the degree of ox ida t ion  of a spha l t .  In 
l a t e r  work, the experiments were extended t o  include measurement of thermodynamic 
p rope r t i e s  of the a spha l t .  

Some o the r  methods used t o  s tudy the  physical  s t r u c t u r e  of coal. and coal 
su r f aces  include measurements of hea t s  of adsorpt ion of organics  on coa l  su r f aces  
by GC, to probe the  nature  of solute-coal  su r f ace  i n t e r a c t i o n s  (10); swel l ing 
ind ices ,  f o r  the q u a l i t a t i v e  determinat ion of the ex ten t  of cross- l inking (11);  
i n i t i a l  swel l ing rates, to i n v e s t i g a t e  the  s t e r i c  requirements of swel l ing (12); 
and microscopic observat ion of solvent  d i f f u s i o n  through coa l  thin-sect ions (13). 

* Work performed under the auspices  of t h e  Of f i ce  of Basic Energy Sciences,  
Division of Chemical Sciences,  U. S. Department of Energy, under con t r ac t  number 
W-31-109-ENG-38. 
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Experimental 

Inverse gas chromatography: The coa l  used in t he  inverse  GC experiments was  
an I l l i n o i s  No. 2 hvC bituminous coa l  ( ana lys i s ,  dmmf bas is :  C 73.44, H 5.3%, 
N 1.1%, S 1.6%, 18.1% (by d i f f . ) ) ,  ground t o  -100 mesh and soxhle t  ex t r ac t ed  wi th  

I 
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Retention da ta  from the inverse  GC experiment a re  shown i n  Figure 1. There 
a r e  th ree  r e t en t ion  mechanism l i k e l y  t o  a f f e c t  t he  inve r se  GC experiment. These 
mechanisms are molecular s iev ing ,  su r f ace  adsorp t ion ,  and so lu t ion  of t h e  probe in 
the  s t a t iona ry  phase. The observed r e t e n t i o n  behavior w i l l  be due to  t h e  combin- 
a t i o n  of e f f e c t s  opera t ing  under the  given conditions.  The s p e c i f i c  r e t en t ion  
volume, Vg, is  given by the  sum of the  r e t e n t i o n  terms: i 

V = K V + KOAL + KsWL 
g d L  

I 
where Kd, KO, and K, a r e  the  p a r t i t i o n  c o e f f i c i e n t s  f o r  gas-pore, gas-so l id ,  and 
gas- l iqu id  p a r t i t i o n ,  respec t ive ly ;  VL is the access ib l e  pore volume; AL is the  
access ib l e  sur face  area; and WL is the  access ib l e  mass of the  s t a t i o n a r y  phase. 
It is l a rge ly  the  phase and physical s t a t e  of the  s t a t i o n a r y  phase which de ter -  
mines the  r e t en t ion  mechanism. The r e t e n t i o n  voluue may be r e l a t e d ,  through the  

log  tret VS. 1/T gives a slope propor t iona l  t o  AH,. Changes in the  thermodynamics 
of r e t en t ion  r e s u l t  In d i s c o n t t n u i t t e s  or changes i n  the slope of the  p l o t .  

! 

I 
1 p a r t i t i o n  c o e f f i c i e n t ,  t o  t he  f r e e  energy or  enthalpy of adsorp t ion ,  and a p lo t  of 

I 
i 

Three such changes i n  s lope  a r e  shown enlarged i n  Figure 1. One, occur r ing  
a t  about llO°C, can be a t t c tbu ted  t o  dehydration of t he  coal. .9n i nc rease  i n  
r e t e n t i o n  is observed, which may be due t o  an inc rease  i n  e i t h e r  t he  amount of 
access ib l e  su r face  (tiL) or the volume of access ib l e  pores (VL). A t  temperatures 
below the  g l a s s  t r a n s i t i o n  temperature,  gas-liquid p a r t i t i o n i n g  w i l l  not p lay  a 
major par t  i n  the  r e t en t ion  of the probe molecule. The reproducible t r a n s i t i o n  
seen a t  14OoC may be due t o  the  lo s s  of t i g h t l y  bound water and loss of o t h e r  
v o l a t i l e  species.  

Other changes in  t h e  s t a t e  of the coa l  a r e  observed a t  E 350'C and 4OOOC. 
S imi la r  t r a n s i t i o n s  have been observed by o the r  workers, with a v a r i e t y  of 
methods. For example, d i f f e r e n t i a l  scanning ca lor imet ry  s tud ie s  by Mahajan ~t. 
(14) showed two endotherms i n  the 300-400°C range, which appear a t  i nc reas ing  
temperature with increas ing  coa l  rank ( i n  t h e  range hvA - hvC). P a t r i c k ,  
Reynolds, and Shaw (15) observed a t r a n s i t i o n  t o  t o t a l  an i so t rop ic  conten t  a t  370- 
42OoC i n  o p t i c a l  an iso t ropy  experiments on v i t r a i n s  with C < 89%. I n  add i t ion ,  
s eve ra l  workers (16) have reported t h a t ,  a f t e r  hea t  treatment,  both t h e  amount of 
pyridine-soluble ma te r i a l  and the  average molecular weight of the  ma te r i a l  reach a 
maximum i n  the  300-35OoC range. 

It is  a l s o  i n t e r e s t i n g  to note the  l a rge  change i n  s lope  of the log tret - 
1/T p lo t  a t  temperatures above 300°C. This is  i n d i c a t i v e  of major changes in coa l  
s t r u c t u r e  above t h i s  temperature. 

Data from the  inverse  LC experiments a r e  shown i n  Figure 2. A s  i n  the in- 
verse  GC experiment, r e t en t ion  behaviot may be expressed by the  sum of s e v e r a l  
r e t e n t t o n  terms, inc luding  those f o r  l i qu id - l iqu id ,  l i qu id - so l id ,  and s i z e  
exc lus ion  chromatography. In l i q u i d  chromatography, t he  capac i ty  f a c t o r ,  k ' ,  i s  
given by 

Y 
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2 )  

where K is t h e  equ i l ib r ium constant of t he  r e t e n t i o n  mechanism, Vs is t he  e f fec-  
t i v e  surface a rea ,  volume, OK pore volume of the  s t a t i o n a r y  phase, and VM is t he  
mobile phase hold-up, or t h e  void volume of the system. The capac i ty  f a c t o r  may 
be determined from t h e  r e t en t ion  time of the  s o l u t e  (t ,)  and the r e t en t ion  t i m e  of 
an unre ta ined  s o l u t e  (t,) o r  solvent f ron t .  The capac i ty  f a c t o r  may be r e l a t e d ,  
through the equ i l ib r ium cons tan t  of the  r e t e n t i o n  mechanism, to  the thermodynamics 
of r e t en t ion  (17). A semi-log p lo t  of k '  VS. 1/T gives  a s lope  propor t iona l  t o  
t h e  enthalpy of t r a n s f e r  between the s t a t i o n a r y  and mobile phases. Non- 
l i n e a r i t i e s  would be symptomatic of changes in t he  na ture  of coal-solute-solvent 
i n t e rac t ions .  A van ' t  Hoff p lo t  fo r  the r e t e n t i o n  of phenanthrene is shown in t h e  
lower part  of Figure 2. Rela t ive ly  good l i n e a r i t y  is observed over the  range 25- 
80Y. 

A semi-log p l o t  of k '  VS. carbon number f o r  t h e  series of aromatic so lu t e s  
benzene, naphthalene,  phenanthrene, and t r iphenylene  is shown in t he  upper pa r t  of 
F igu re  2. This type of p l o t  is use fu l  f o r  the  comparison of the  r e t e n t i o n  powers 
of d i f f e r e n t  s t a t i o n a r y  phases. Data f o r  the medium v o l a t i l e  bituminous coa l  
i n d i c a t e  t h a t  t h i s  ma te r i a l  is s i m i l a r  t o  some reversed-phase HPLC packing 
mater ia l s .  p a r t i c u l a r l y  the  porous carbon packings (18-20). One might expect p i -  
p i  i n t e r a c t i o n s  between t h e  coa l  su r f ace  and aromat ic  s o l u t e s  t o  predominate in 
determining r e t e n t i o n ,  so t h a t  the  capac i ty  f a c t o r  i nc reases  wi th  inc reas ing  
s o l u t e  sur face  area.  

The i n i t i a l  r e s u l t s  presented here  demonstrate t ha t  these  methods will pro- 
vide reproducible r e s u l t s  which can be i n t e rp re t ed .  Coals from the  Argonne 
Premium Coal Sample Program will be inves t iga t ed  using both approaches. We plan 
to examine poss ib l e  changes of the phys ica l  s t r u c t u r e  of coa ls  upon s torage  both 
i n  t h e  oxygen and absence of oxygen. 
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Figure 1. Inverse GC of I l l i n o i s  No. 2 hvC bituminous coal. Top inser t :  145OC 
region, lower left; 350-400'C region, lower right: llO°C region. 
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Figure 2. Inverse LC of Upper Freeport medium v o l a t i l e  bituminous coal .  Top: 

retention data for benzene, napthalene, phenanthrene, and triphenyl- 
ene. Bottom: retention data for phenathrene from 27.5-8OOC. 
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Coal Swe l l i ng  and Neu t ra l i za t i on :  
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React ions wi th in a Three-Dimensional Organic M a t r i x  

The phys i ca l  t ranspor t  o f  chemical reagents i n t o  c ross - l i nked  s o l i d s  such 
as func t i ona l i zed  polymers. i o n  exchange res ins .  o r  coal i s  genera l l y  a slow 
process(1-3). Unl ike reac t i ons  i n  so lu t i on ,  where bu lk  mass t ranspor t  i s  l i m i t i n g  
on ly  fo r  very f a s t  r eac t i ons  such as p ro ton  t r a n s f e r ,  the ra tes  o f  react ions w i t h i n  
organic networks are o f t e n  l i m i t e d  by d i f f u s i o n  through t h e  so lvent  swollen so l i d .  
When coal contacts  a base so lu t i on .  t h e  base d i f f u s e s  i n t o  the  so l i d ,  over t h e  course 
o f  several hours, and reac ts  w i t h  the  a c i d i c  s i t e s  t h a t  a re  present. As a r e s u l t  o f  
t h i s  n e u t r a l i z a t i o n  and the  absorpt ion of  so lvent ,  the coal p h y s i c a l l y  swel ls  t o  a 
greater  volume. Under some cond i t i ons  the volume increase can be on the  order of 
400%. The r a t e  and e x t e n t  o f  t he  swe l l i ng  are h i g h l y  dependent on t h e  nature of the 
swe l l i ng  so lu t i on .  To study t h i s  d i f f u s i o n  process and lea rn  more about the phys ica l  
and chemical i n t e r a c t i o n s  o f  coal w i t h  so lvents  and reagents, we have examined and 
compared the ra tes  and e q u i l i b r i a  o f  coal swe l l i ng  and n e u t r a l i z a t i o n  as a f unc t i on  
of base c a t i o n  size, concentrat ion,  and so lvent .  

Coals are h i g h l y  heterogeneous ma te r ia l s ,  w i t h  complicated three-  
dimensional s t ruc tu res (4 -6 )  t h a t  conta in  en t ra ined  organic  ma te r ia l  known as 
bitumen(7). The c o n n e c t i v i t y ,  conformation, and topology o f  actua l  coal macro- 
molecules are unknown. Connec t i v i t y  r e f e r s  t o  the fundamental atomic connec t i v i t y  
and includes t h e  i d e n t i t y  and quan t i t y  o f  c ross - l i nks ,  the arrangement and t ype  o f  
fused-ring systems, and the  average molecular  weight between c ross - l i nks .  
C o l l e c t i v e l y ,  these fea tu res  comprise what i s  c a l l e d  the  pr imary s t ruc tu re .  The 
conformation o f  coal i s  r e l a t e d  t o  the  noncovalent c ross - l i nks  which. i n  pa r t ,  
mainta in  the  general shape o f  t he  macrostructure. These c ross - l i nks  i nc lude  t h e  
i n t e r -  and in t ramo lecu la r  assoc iat ions i n  the  form of hydrogen bonds(8-11). d ipo le -  
molecule i n t e r a c t i o n s ,  and simple entanglements i n  the s t ruc tu re .  Typ ica l l y ,  low 
rank coals (subbituminous and l i g n i t i c )  are character ized by s i g n i f i c a n t  q u a n t i t i e s  
of phenolic and carboxy l  groups (-4-8 per 100 c a r b o n s ) ( l l ) .  
groups. depending upon t h e i r  p r o x i m i t y  and the  degree o f  c r o s s - l i n k i n g  i n  the  organic 
network, w i l l  a f f e c t  t h e  o v e r a l l  acid-base e q u i l i b r i a  as we l l  as the  degree o f  
swe l l i ng  of t h e  ma te r ia l .  The ion  exchange p roper t i es  o f  such coals i n  aqueous media 
have recen t l y  been discussed(l2.13). 

We have examined a bituminous coal ( I l l i n o i s  No. 6, Table I )  which 
contains only  f i v e  a c i d i c  centers per 100 carbon atoms. 
represented by phenols( 11). Our work has focused p r i m a r i l y  on development o f  
swe l l i ng  as a macroscopic observable that r e l a t e s  the  known chemistry o f  we l l  
character ized i o n  exchange res ins  t o  t h e  chemistry o f  coal. Swe l l i ng  measurements i n  
conjunct ion wi th swo l l en  polymer theo r ies  have been used t o  prov ide i n fo rma t ion  about 
the  macromolecular s t r u c t u r e  o f  bituminous coals  (e.9.. number average molecular 
weight per cross-l ink)(4,14,15). 
although a complicated heterogeneous organic  ma te r ia l ,  possesses regu la r  and 
p red ic tab le  physio-chemical p roper t i es  s i m i l a r  t o  weak ac id  i o n  exchange res ins  
(po l ye lec t ro l y tes ) .  

RESULTS AND DISCUSSION 

The i o n i z a t i o n  o f  these 

Most o f  these s i t e s  a re  

In  general, we have found t h a t  bituminous coal, 

Swel l ing values ( Q  i n  u n i t s  o f  mL/g) were obta ined by mix ing dry, powdered 
c o a l ( l 6 )  w i t h  an approp r ia te  base s o l u t i o n  i n  graduated c e n t r i f u g e  tubes and reading 
the  volume of t h e  s o l i d  a f t e r  cen t r i f uga t ion .  Before conducting an experiment, the 
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coal was exhaust ive ly  ex t rac ted  us ing  p y r i d i n e  t o  remove occluded organic  ma te r ia l  
(25-30%)(17). 
t he  organic matr ix .  
6 coal was t rea ted  w i t h  methanolic s o l u t i o n s  o f  a se r ies  o f  tetra-c-alkylammonium 
hydroxides(R4NOH. R=methyl , n-propyl , n-buty l  , n-hexyl , and n-octy l  ) ,  t h e  
n e u t r a l i z a t i o n  and concomitaTit s w e l l i n g  were foFnd t o  be s t rFng ly  dependent on the  
s i z e  of the ammonium ions. To ob ta in  a convenient and usefu l  c o r r e l a t i o n  of y r  
data, we use an emp i r i ca l  r a t e  der ived by t r e a t i n g  the swe l l i ng  process as a 
order"  approach t o  e q u i l i b r i u m  w i t h  a t y p i c a l  d i f f u s i o n  t ime  dependence. The mass 
t ranspor t  process i s  q u i t e  complex and t h e  t ype  o f  d i f f u s i o n  mechanism opera t i ng  W i l l  
depend not on ly  on p a r t i c l e  shape bu t  a l so  on q 7 5 t i c l e  s i z e  d i s t r i b u t i o n ( l 8 ) .  F igure 
1 shows a p l o t  o f  - l n [ ( & - Q ) / ( e - Q ~ ) ]  versus t 
value and &. i s  the  f i n a l  va lue a f t e r  e q u i l i b r a t i o n .  
a measure o f  t he  s w e l l i n g  r a t e  which was found t o  decrease w i t h  i nc reas ing  base 
c a t i o n  s i z e ( l 9 ) .  
t imes f a s t e r  than w i t h  the  corresponding 1 - o c t y l  s u b s t i t u t e d  cat ion,  a s u r p r i s i n g l y  
l a rge  d i f ference.  

Examination o f  t h e  f i n a l  e q u i l i b r i u m  swe l l i ng  values Q, f o r  t h e  se r ies  
showed a un i form increase w i t h  the  nonsolvated volume o f  t h e  tetra-n-alkylammonium 
ions, ranging from 2.3 t o  43 mL/g(20). This i s  analogous t o  t h e  buTk volume i n -  
creases observed f o r  i o n  exchange res ins  i n  aqueous s o l u t i o n  as a f u n c t i o n  of 
hydrated i o n  volume(21). 
i s  many orders o f  magnitude greater  than the  volume increase ca l cu la ted  f o r  t h e  
absorbed quaternary ammonium ions.  

V f )  x 1001 versus t ime  (min.), f o r  several base so lu t i ons  s tud ied w i t h  t h e  PNE 
component o f  I l l i n o i s  No. 6 coal. The va lue V i s  t he  volume o f  standard a c i d  used t o  
t i t r a t e  an a l i q u o t  removed from the  r e a c t i o n  mixture. The value V was determined by 
t i t r a t i o n  o f  t he  s t a r t i n g  base s o l u t i o n  and the  value Vf i s  t he  cayculated volume f o r  
n e u t r a l i z a t i o n  o f  t h e  t o t a l  number o f  a c i d i c  s i t e s  (phenols and ca rboxy l i c  ac ids)  i n  
t h e  coal based on prev ious a l k y l a t i o n  experiments(9) us ing  i s o t o p i c a l l y  l abe led  
methyl iod ide.  The data are, therefore,  scaled so t h a t  100% represents the  t o t a l  
number o f  a c i d i c  hydrogens per gram o f  coal. By examining the  i n i t i a l  slopes, it can 
be seen t h a t  the 0.25 M n-Bu4NOH/methanol s o l u t i o n  neu t ra l i zes  the  coal about seven 
t imes slower dur ing t h F f i r s t  twenty minutes than e i t h e r  t h e  0.20 M n-Bu4 NOH/THF. 
H20 ( 4 : l )  o r  the 0.25MKOH/methanol so lu t i on .  A t  constant i o n  sizF,-the r a t e  o f  neu- 
t r a l i z a t i o n  i s  greater  f o r  n-Bu4NOH i n  aqueous THF than i n  methanol and i s  apparent ly  
r e l a t e d  t o  the so lvent  sweli-ing p o t e n t i a l .  When the  coal was placed i n  methanol, a 
swe l l i ng  value Q(mL/g) o f  2.3 was obtained w h i l e  aqueous THF l e d  t o  va lue o f  4.0, a 
74% increase i n  volume ( t y p i c a l  swe l l i ng  values f o r  severa l  so lvents  are given i n  
Table 11). The r a t e  o f  n e u t r a l i z a t i o n  was consis tent  w i th  the previous f i n d i n g s  t h a t  
t h e  s i z e  o f  quaternary ammonium ions was i n v e r s e l y  r e l a t e d  t o  the r a t e  of t h e i r  
d i f f u s i o n  i n t o  coal as measured by s w e l l i n g  s tud ies.  We would expect t h a t  potassium 
ions should because o f  t h e i r  small s ize,  d i f f u s e  i n t o  the  coal a t  a f a s t e r  r a t e  than 
t h e  n-Bu4N+'ion. However, a so lvent  m ix tu re  (THF/H20) t h a t  swel ls  t he  organic  ma t r i x  
t o  a g r e a t e r  extent  increases t h e  d i f f u s i o n  r a t e  o f  t h e  tetra-1-butylammonium ions  
i n t o  the  coal t o  a p o i n t  where the  order  i s  reversed. 

mechanism(22). We can w r i t e :  

Py r id ine  i s  known t o  d i s r u p t  hydrogen bonds i n  t h e  coal and t o  swel l  
When t h e  p y r i d i n e  nonextractable component (PNE) o f  I l l i n o i s  NO. 

f i r s t  

where QO i s  t h e  i n i t i a l  s w e l l i n g  
The slopes o f  these l i n e s  g i ve  

Swel l ing o f  t he  sample w i t h  tetra-methylammonium hydrox ide was -3.5 

The increase i n  volume o f  t h e  coal upon contact  w i t h  base 

F igure 2 shows a p l o t  o f  t h e  extent  o f  react ion,  expressed as (Vo-V)/(Vo- 

An empir ica l  r e l a t i o n s h i p  (Equation 1) can be used t o  analyze the  d i f f u s i o n  

[ ( Vo-V)/ ( V o - V f )  1 = k t  " 
ln[(Vo-V)/(Vo-Vf)) = Ink + n ( 1 n t )  

I 

t 

The quan t i t i es .  v,vo, and Vf are the  same as described above. The va lue k i s  a 
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constant  and n i s  an unknown exponent t h a t  def ines the  d i f f u s i o n  process (n= 0.5 f o r  
F i c k i a n  d i f f u s i o n ) .  A p l o t  o f  ln[(Vo-V)/(Vo-V )I  versus I n  t gives a s t r a i g h t  l i n e  
w i t h  slope equal t o  n. Least squares treatmen1 of t he  data f o r  0.2 M n-Bu4NOH/THF, 
~~0 and 0.25 M KOH/methanol gave t h e  r e s u l t s  shown i n  Table 111. ThFexponents 0.43 
and 0.46 i n d i c a t e  t h a t  a d i f f u s i o n  l i m i t e d  mechanism i s  operating, t h e  d e t a i l e d  
na tu re  o f  which w i l l  depend upon p a r t i c l e  s i ze  d i s t r i b u t i o n ( l 8 ) .  Base uptake ra tes  
were not measured f o r  t h e  other  tetra-alkylammonium ions. 

The ex ten t  o f  n e u t r a l i z a t i o n  a t  e q u i l i b r i u m  f a l l s  below t h e  t h e o r e t i c a l  
n e u t r a l i z a t i o n  p o i n t  i n  a l l  cases and i s  s t rong ly  dependent on c a t i o n  s i z e  and 
so l ven t  (F igure 2 ). 
f unc t i on  o f  ion rad ius  shows a profound decrease i n  capaci ty  as i o n  s i z e  increases. 
The capaci ty  drops from 1.45 t o  0.41 mmol/g f o r  te t ra-methy l  and te t ra-n-hexy l  
ammonium ions, respec t i ve l y .  The base capaci ty  l e v e l s  o f f  as the s i z e  Ff the  ca t i on  
increases, apparent ly  t o  some constant value independent o f  chain length. A s i m i l a r  
l e v e l i n g  e f f e c t  i s  seen i n  methanol f o r  t h e  ammonium ions, te t ra-E-propy l  through 
te t ra -E -oc ty l .  I n  t h i s  se r ies ,  t h e  change i n  base capaci ty  was small ,  however, over 
t h e  range studied. A decrease i n  base capaci ty  w i t h  i nc reas ing  c a t i o n  s i z e  i s  
t y p i c a l  f o r  c ross - l i nked  polyac ids(23) .  I n  po l ye lec t ro l y tes ,  these t rends a re  
explained by increased cha in  (po lyanion)  p o t e n t i a l s .  As i on  s ize increases, average 
charge separation d i s t a n c e  w i l l  a l s o  increase lead ing  t o  d e s t a b i l i z a t i o n  o f  t he  
macro-ion and lowered i o n i z a t i o n  constants. T i t r a t i o n  s tud ies  of l i n e a r  p o l y a c r y l i c  
ac ids  w i th  quar ternary ammonium bases have demonstrated t h a t  pKa increases w i t h  
c a t i o n  size(24). Ev iden t l y ,  c r o s s - l i n k i n g  l i m i t s  the conformational m o b i l i t y  o f  the 
poly-anion, produces a h ighe r  dens i t y  o f  charges i n  a given volume element, and again 
r a i s e s  the p o t e n t i a l  o f  t h e  macro-ion. 

p o l y e l e c t r o l y t e  charg ing e f f e c t s  as discussed f o r  cross- l inked res ins  i n h i b i t  
d i s s o c i a t i o n  w i t h i n  the  organic  m a t r i x  or, 2) s p e c i f i c  s t r u c t u r a l  features such as i n  
a o-phthal ic  ac id  o r  catechol  l ead  t o  a subs tan t i a l  decrease i n  t h e  i s s o c i a t i o n  

H20)(25). 
po ten t  1 ometric t i t r a t i o n  ( 26). 

observat ion t h a t  t h e  a d d i t i o n  o f  e l e c t r o l y t e s ,  potassium c h l o r i d e  and t e t r a - 1 -  
butylammonium bromide. t o  KOH and n-Bu NOH so lu t i ons ,  respec t i ve l y ,  increases both 
t h e  swe l l i ng  volume and base uptakFdu!ing n e u t r a l i z a t i o n .  Table V I  gives t h e  
e q u i l i b r i u m  s w e l l i n g  values and base capac i t i es  f o r  I l l i n o i s  No. 6 (TNE) coal t rea ted  
w i t h  0.25 M base s o l u t i o n s  i n  methanol and water. Base capaci ty  f o r  an aqueous 
KOH/KCl m iy tu re  increased 36% over a corresponding base s o l u t i o n  con ta in ing  no 
s a l t .  This e f f e c t  was g r e a t l y  augmented f o r  n-Bu4NOH/H20 mixtures where base 
capaci ty  increased from 0.47 t o  1.17 (mmoL/g)-upon t h e  a d d i t i o n  of n-Bu NBr ( f ou r  
f o l d  excess). A s i m i l a r  s a l t  e f f e c t ,  although attenuated, was observed f o r  E- 
Bu4NOH/MeOH so lu t i ons .  
been observed i n  many macromolecular systems (syn the t i c  res ins,  p e c t i c  ac id ,  
etc.)(27-29). 

Nat and K+ are 1.92 and 1.89 (mrnol/g), respec t i ve l y ,  and e s s e n t i a l l y  the same, a 
s i g n i f i c a n t  increase i n  bu l k  swe l l i ng  i s  observed fo r  Na' (4.5 versus 3.8 mL/g). 
Th is  i s  cons is tent  w i t h  a greater  so lvated volume f o r  Na' than K+ ions. 
Solvat ion number f o r  Na' i n  methanol i s  known t o  be g rea te r  than t h a t  f o r  K'(30). 
The increased s w e l l i n g  a t  constant  capaci ty  may i n d i c a t e  t h a t  sodium i s  we l l  solvated 
i n  t h e  coal. 

Examination o f  t h e  quar ternary ammonium ion  data i n  water as a 

I n  coal, two explanat ions are poss ib le  f o r  incomplete n e u t r a l i z a t i o n :  1) 

coi istant f o r  a second deprotonat ion (0 -ph tha l i c  ac id ;  kl/k2=3.3 x 10 1 a t  25OC i n  
The l a t t e r  exp lana t ion  has-been proposed based on evidence obtained from 

Also cons is ten t  w i t h  a p o l y e l e c t r o l y t e  model f o r  bituminous coal i s  the 

Such s a l t  e f f e c t s  are expected f o r  p o l y e l e c t r o l y t e s  and have 

It i s  i n t e r e s t i n g  t o  note tha t ,  although the  measured base capac i t i es  f o r  

The 

Table I V  a l so  g ives f i n a l  swe l l i ng  values Q- (mL/g) and base capac i t i es  
(mmoL/g) f o r  0.25 1 potassium and te t ra -1 -bu ty l  ammonium hydroxides as we l l  as 0.125 
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, 
- M te t ra-n-hexy l  ammonium hydrox ide i n  var ious solvents. For 0.25 M KOH, MeOH leads 
t o  a 67%-increase i n  swe l l i ng  over t h a t  observed f o r  H20 and the  bzse capac i t y  
increases by 35%. This general t r e n d  , where b e t t e r  coal  s w e l l i n g  so l ven ts  lead t o  
increased swe l l i ng  and base uptake capaci ty ,  p e r s i s t s  f o r  the t h r e e  bases examined. 
Presumbably, a phys i ca l  increase i n  t h e  spacing o f  i on i zed  groups v i a  s t r e t c h i n g  of 
t he  cross- l inked coal m a t r i x  ( t h i s  could be a conformat ional  change i n  t h e  
macromolecular s t r u c t u r e )  a l lows a g rea te r  base uptake. It must be noted, however. 
t h a t  changes i n  t h e  d i e l e c t r i c  o f  t he  medium w i t h  d i f f e r e n t  so lvents  may a c t  t o  
s t a b i l i z e  the  polyanion d i r e c t l y  r a t h e r  than v i a  so lvent-coal  swel l ing.  

Examination of hu l k  swe l l i ng  versus t ime  curves f o r  severa l  concentrat ions 
of tetra-n-butylammonium hydroxide i n  methanol revealed an unusual e f f e c t .  Although 
t h e  equi lTbr ium swe l l i ng  values increased w i t h  base concentrat ion,  an i nve rse  
dependence was observed w i t h  respect  t o  i n i t i a l  swe l l i ng  r a t e  (est imated from the  
i n i t i a l  slopes). The swe l l i ng  r a t e  f o r  t h e  0.251?_solut ion i s  about s i x  t imes 
greater  than the  r a t e  observed f o r  t he  1.0 M so lu t i on .  
i nvo l ves  osmotic pressure e f fec ts (31 ) .  SinFe the  absorpt ion o f  i o n s  i n t o  the organic  
m a t r i x  i s  slow compared t o  the  r a t e  o f  so lvent  uptake, t h e  swollen coal p a r t i c l e s  
apparently behave as if enclosed i n  a semipermeable membrane. 
i o n i c  s t reng th  "deswell" t he  coal o r  l i m i t  the amount o f  so lvent  t h a t  can be absorbed 
i n t o  the c ross - l i nked  ma t r i x .  S im i la r  deswel l ing has been observed f o r  weak a c i d  
ion-exchange res ins(24) .  
when excess e l e c t r o l y t e  i s  added t o  a 0.25 M s o l u t i o n  o f  tetra-n-butylammonium 
hydroxide; although a cross over i n  s w e l l i n g  value i s  observed Tt long t imes which 
leads t o  a subs tan t i a l  increase f o r  t he  s o l u t i o n  o f  h igher  i o n i c  s t rength.  

component o f  I l l i n o i s  No. 6 coal i s  presented. 
extent  versus t ime f o r  n e u t r a l i z a t i o n  and swe l l i ng  w i t h  0.25 M potassium and te t ra -E -  
butylammonium hydroxides i n  methanol. 
extent  o f  swe l l i ng  f o r  tetra-n-butylammonium hydroxide i n  methanol appears l ess  than, 
o r  equal to ,  t he  s w e l l i n g  obsrrved i n  KOH/methanol so lu t i on ,  these curves have been 
normalized t o  t h e i r  own f i n a l  s ta tes.  A t  equal concentrat ions, t h e  te t ra -n -  
butylammonium hydroxide s o l u t i o n  swel ls  coal t o  a much greater  ex ten t  (4.8-mL/g) than 
potassium hydrox ide (3.9 mL/g). This i s  a greater  than 20% increase i n  t h e  bulk  
swel l ing,  even though fewer s i t e s  have been reacted. With potassium hydroxide, t h e  
degree o f  swe l l i ng  o f  t h e  ma t r i x  i s  d i r e c t l y  co r re la ted  w i t h  n e u t r a l i z a t i o n .  An 
incremental increase i n  base uptake leads t o  a corresponding increase i n  t h e  ex- 
pansion o f  t he  organic  matr ix .  Th is  i s  no t  the case, however, f o r  t e t r a - n -  
butylammonium hydroxide. A t  a g iven t ime  the  ex ten t  o f  s w e l l i n g  i s  g rea tF r  than the  
extent  o f  n e u t r a l i z a t i o n .  W i th in  one hour r a p i d  s w e l l i n g  o f  t h e  coa l  occurs ( 70% o f  
&. wh i le  on l y  h a l f  o f  t h e  access ib le  a c i d i c  s i t e s  are neu t ra l i zed ) .  
quaternary ammonium ions apparent ly  ac t  as a wedge i n  t h e  organic s t r u c t u r e  and must 
l ead  t o  conformational changes i n  the m a t r i x  t h a t  do not  occur w i t h  the sma l le r  
potassium ion. 
t he  hydrogen bonded, a c i d i c  groups, t he  h i g h l y  a1 i p h a t i c  character  o f  t h e  t e t r a - n -  
butylammonium ions  may lead t o  s t rong  hydrophobic in teract ions(32-34)  t h a t  i n f l uence  
l o c a l  s t ruc tu re .  Such hydrophobic i n t e r a c t i o n s  would no t  be expected f rom solvated 
potassium ions and should be minimized i f  the  a c i d i c  s i t e s  were un i fo rm ly  dispersed 
throughout the the  cross- l inked s t ruc tu re .  S i m i l a r  speculat ions have been made 
regard ing the s t r u c t u r e  of g lobu la r  prote ins(35) .  

One poss ib le  exp lan t i on  

Solut ions of h igh  

A d ramat i ca l l y  decreased r a t e  o f  s w e l l i n g  i s  a l s o  observed 

I n  F igure 3. a comparison between s w e l l i n g  and n e u t r a l i z a t i o n  o f  t he  (TNE) 
The f i g u r e  shows a p l o t  o f  r e a c t i o n  

It i s  important t o  n o t F  t h a t ,  a l though the  

The l a r g e  

If h y d r o p h i l i c  reg ions e x i s t  i n  t h e  coal, which con ta in  c l u s t e r s  o f  

CONCLUSION 

The physio-chemical behavior o f  bituminous coal w i t h  base and s a l t  mix tures 
has been shown t o  be i n  accord w i t h  a simple p o l y e l e c t r o l y t e  model, de r i ved  from more 
regu la r  polymeric m a t e r i a l s  ( f unc t i ona l i zed ,  c ross - l i nked  res ins) .  Bulk s w e l l i n g  
measurements i n  con junc t i on  w i t h  chemical probes have prov ided use fu l  i n fo rma t ion  
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about n e u t r a l i z a t i o n  r a t e s  and e q u i l i b r i a .  
heterogeneous, organic  so l i ds ,  such as coal, i s  needed f o r  the c o n t r o l l e d  processing 
o f  f o s s i l  fue ls  and more genera l l y  f o r  the c o n t r o l  o f  reac t i on  chemistry w i t h i n  
so lvent  swollen, t h ree  dimensional organic  matr ices.  

The understanding o f  these p roper t i es  f o r  

EXPERIMENTAL SECTION 

Mate r ia l s .  The p y r i d i n e  and te t rahyd ro fu ran  nonextractable component of 
I l l i n o i s  do. 6 coal ,  a h i g h - v o l a t i l e  C, bi tuminous rank coal, was used i n  the s tud ies 
described. Solvent f r a c t i o n a t e d  coal was prepared us ing  a Soxhlet e x t r a c t i o n  
apparatus. The coal was ex t rac ted  with p y r i d i n e  u n t i l  t h e  s o l u t i o n  f i l t e r i n g  through 
t h e  ex t rac t i on  th imb le  was c l e a r  (-four days), then with d i s t i l l e d  te t rahydrofuran 
(-one day). Dry ing o f  t h e  sample was accompli.shed us ing  a vacuum oven (1-5 to r r . )  a t  
105-110°C f o r  a minimum o f  twenty- four  hours. I n  some cases t h e  coal was pre-dr ied 
i n  a f r i t t e d  funnel t o  remove most o f  t he  organic  so lvent  under a stream o f  n i t rogen  
before the f i n a l  d ry ing  step. A l l  so lvents  used were reagent grade and were no t  
f u r t h e r  p u r i f i e d  be fo re  use unless otherwise spec i f i ed .  
bromide (99%) was ob ta ined  from A l d r i c h  Chemical Company and t h r  t e t r a - n -  
a1 kylammonium hydrox ides were obtained from Southwestern A n a l y t i c a l  CheFical, Inc. 
(Austin, Texas). 

Tetra-n-butylammonium 

Swel l ing Measurements. I n  a t y p i c a l  swe l l i ng  experiment, a 15 mL graduated 
screwtop c e n t t i f u g e a t .  No. 45166) was charged w i t h  1.0 grams of dry, 
f rac t i ona ted  coal  and 14  mL o f  the appropr ia te swe l l i ng  so lu t i on (36 ) .  The tube was 
sealed immediately u s i n g  a Te f lon - l i ned  cap, taped t o  prevent so lvent  l oss  due t o  
evaporation, and shaken a t  room temperature (24OC) a t  a r a t e  of about 170 cyc les per 
minute using an Ederbach Corporat ion sample shaker (Model No. 6000) equipped w i t h  a 
u t i l i t y  c a r r i e r  t r a y  (Model No. 5865). When shaking was begun, the  t ime  was noted; 
t h i s  was taken as t fo r  k i n e t i c  runs. 
from t h e  shaker pe r?od ica l l y ,  t he  t ime was recorded. and the samples were centr i fuged 
a t  2800 rpm (25 cm r o t o r ,  -2200 G’s) f o r  f i v e  minutes us ing  a Sorva l l  Instruments RC- 
38 r e f r i g e r a t e d  c e n t r i f u g e  a t  24’C. The tubes were removed, b r i e f l y  shaken t o  
d is lodge any s o l i d  m a t e r i a l  adhering t o  the upper po r t i ons  of t he  tube, and spun down 
again a t  2800 rpm f o r  another f i v e  minutes. The samples were removed from t h e  
centr i fuge,  and the volume o f  s o l i d  was measured by v i sua l  i nspec t i on  o f  the 
c a l i b r a t e d  tubes. I n  some samples, darkening o f  the l i q u i d  l a y e r  and uneven s e t t l i n g  
of the coal d u r i n g  c e n t r i f u g a t i o n  l e d  t o  small u n c e r t a i n t i e s  i n  volume readings. 
Using repeat measurements, maximal e r r o r s  were estimated t o  be f 0.1 mL. When the 
volume measurements were completed, t h e  tubes were shaken v igorous ly  by hand t o  break 
up the s o l i d  p l u g  o f  coa l  produced by c e n t r i f u g a t i o n  and placed back i n t o  the shaker 
t o  resume the  k i n e t i c  run. Swe l l i ng  volumes were recorded us ing  the method described 
above u n t i l  t hey  were constant  a t  long reac t i on  t imes. Equ i l i b r i um swe l l i ng  values 
were obtained i n  a s i m i l a r  f ash ion  a f t e r  a t o t a l  shaking t ime  o f  two weeks. 
e l im ina te  e r r o r s  i n  s w e l l i n g  measurements due t o  d i f f e rences  i n  p a r t i c l e  s i z e  from 
one experiment t o  the  nex t ,  a l l  samples compared were obta ined from t h e  same batch of 
we1 1 -mi xed coal  - 

During the experiment. tubes were removed 

To 

Neutral i r a t i o n  Rate and Base Capacity Measurements. A t y p i c a l  n e u t r a l i z a t i o n  study 
was ca r r i ed  out  i n  the manner descr ibed below f o r  M F  f r a c t i o n a t e d  coal .  A l l  
experiments were conducted a t  ambient temperature (24OC). Neu t ra l i za t i on  of the 
THF Nonextiactable Component o f  I l l i n o i s  No. 6 Coal. 
bottomed f lask was equipped w i t h  a magnetic s t i r r i n g  bar  and charged w i t h  4.00 grams 
of THF inso lub le  I l l i n o i s  No. 6 coal. The s o l i d  coal was s t i r r e d  and 55.0 mL of 0.26 
- M KOH ( 1  equ iva len t  assuming 3.5 meq. o f  a c i d i c  hydrogens per gram o f  c o a l )  i n  
methanol was added i n  one p o r t i o n  rap id l y .  When a d d i t i o n  of t h e  base s o l u t i o n  was 
completed. a t imer  was s t a r t e d  and the  k i n e t i c s  run begun. Dur ing the  course of  the 
n e u t r a l i z a t i o n .  the s o l u t i o n  was maintained under a p o s i t i v e  pressure o f  n i t rogen.  
Pe r iod i ca l l y ,  t h e  s l u r r y  was sampled us ing  a l a r g e  bore c a l i b r a t e d  g lass tube and a 
G l a s f i r n  “Pi-Pump” p i p e t t i n g  a id .  A 2 mL a l i q u o t  was removed. Contro l  experiments 

1. 
A 100 m i  single-necked, round 



showed t h a t  t h e  s l u r r y  was we l l  ag i ta ted  and t h a t  equal p o r t i o n s  o f  coal  and so lu t i on  
were removed regardless of the  sampling depth o f  t h e  p ipe t te .  
was f i l t e r e d  us ing  a s in te red  glass. medium f r i t  f i l t r a t i o n  funnel .  
washed w i t h  2 mL o f  methanol and the  f i l t r a t e  was d i l u t e d  w i t h  20 mL of de-ionized, 
degassed water. 
a pH o f  7.0. 
concentrat ion.  F ina l  base concentrat ions i n  the  reac t i on  m i x t u r e  were determined 
a f t e r  twenty-four hours. 2. Base Capacity Measurements. E q u i l i b r i u m  base 
capac i t ies  were measured a f t e r  two weeks by t i t r a t i o n  o f  a known volume a l i q u o t  
removed from t h e  supernatant o f  t h e  cen t r i f uged  swe l l i ng  samples. 
conducted a t  room temperature w i t h  standard ac id  s o l u t i o n  (0.020 fi HCL) us ing  a 
Beckman Potentiograph ( E  536) and a Metrohm (655) Dosimat. 

The removed a l i q u o t  
The Coal was 

The aqueous methanol s o l u t i o n  was then t i t r a t e d  w i t h  0.020 E HCL t o  
Blank t i t r a t i o n s ,  w i thout  coal ,  were done t o  determine t h e  i n i t i a l  base 

The t i t r a t i o n  was 
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Typica l  Analys is  f o r  Raw, Perdeuteromethylated, 

and Solvent Ext racted I l l i n o i s  No. 6 Coal 

1983. D e p a r t m e n t  of E n e r g y ,  P i t t s b u r g h  E n e r g y  T e c h n o l o g y  C e n t e r .  Contract NO. 
DE-FG22-80PC3022. 

PNE - RAW - 
68.4 64.9 

5.2 4.8 

1.3 1.2 
0.01 0.01 

1.3 1.7 

3.1 3.6 

4.4 5.3 
9.4 13.7 

14.4 17.2 

11.2 16.3 
10.8 9.1 

PE 

77.8 
5.8 

1.4 

- 

- 

3.2 

3.2 

11.8 

PNE-CD3 

65.5 
4.0 
2.4 

- 

TNE-CD3 

66.9 
4.4 
1.7 

RAW-CD3 

69.5 
4.8 
1.8 
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I C 

H i 

Od 
N 

S 

0 

CO3 Groupse 

I 

Empir ica l  Formula on Cleo Basis 

100.0 100 .o 100.0 100.0 100.0 100.0 

91.8 89.1 89.2 73.0 79.6 82.2 

22.1 15.3 15.4 

1.6 1.6 1.5 

1.7 2.1 1.5 - 
11.8 10.5 11.4 - 

- 

- 7.4 5.1 5.1 

a PNE = py r id ine  nonextractable component, PE = p y r i d i n e  ex t rac t ,  and TNE = THF 

b 46 p y r i t i c  s u l f u r  

c 

d by combustion/mass spec t ra l  analys is  

e 

I 
nonextractable component 

MM = mineral mat ter  ca l cu la ted  as 1.13 (ash) + 0.47 ( p y r i t i c  S) 

a l k y l a t i o n  procedure taken from References 9 and 11 

TABLE I 1  
Solvent Swe l l i ng  Values f o r  t h e  Py r id ine  Nonextractable 

Component o f  I l l i n o i s  No. 6 Coal 

Sol vent 

HZO 1.8 

MeOH 2.3 

THF 3.6 

THF/H20 (3 : l  by volume) 4.0 

Pyri d ine  4.5 

TABLE 111 
Least Squares Treatment (Eq. 1) o f  N e u t r a l i z a t i o n  Data f o r  t he  
Tetrahydrofuran Nonextractable Component o f  I l l i n o i s  No. 6 Coal 

Concentrat ion (MJ Solvent n k r2 - - - -  Base 

n-BuqNOH 0.20 THF/H20 0.43 1.9 0.97 - 
KOH 0.25 MeOH 0.46 2.1 0.99 

441 



Base 
(0.25 I?) 

KOH 

KOH 

KOH 

- n-Bu4NOH 

- n-BuqNOH 

- n-Bu4NOH 

- n-BuqNOH 

- n -Bu4NOH 

- n -Hex4NOHC 

- n -Hex4NOHC 

TABLE I V  
Base Capaci t ies and Swel l ing Values Q as a func t i on  o f  Solvent, 

S a l t  Concentrat ion. and Base f o r  t h e  TNE Nonextractable Component 
o f  I l l i n o i s  No. 6 Coal. 

Sol vent 

H20 

H2O 

MeOH 

H20 

H20 

MeOH 

MeOH 

THF/H20( 3: l)a 

H20 

THF/ H20( 3: 1)  a 

S a l t  
(1.0 MJ 

K C l  

- 

- n-Bu4NBr 

- n-BuqNBr 

a By volume 

b Corrected for  p a r t i a l  d i s s o l u t i o n  o f  the sample. 

c 0.125 5 

Q(mL/g) 

2.2 

2.4 

3.8 

2.0 

3.5 

4.8 

5.4 

7.0 

2.1 

5.8 

Base Capacity 
( m o l  / g )  

1.40 

1.90 

1.89 

0.47 

1.17 

1.49 

1.83 

>1.65b 

0.41 

>1.17b 
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COAL: MACROMOLECULAR STRUCTURE AND REACTIVITY 

John W. Larsen 

Department of Chemistry 
Lehigh University 

Bethlehem, Pennsylvania 18015 

This paper will tie together results from two disparate studies 
of coal reactivity, studies whose only uniting feature is the 
reactant coal. They will be discussed in terms of a model for the 
macromolecular structure of coal. Two very different reactions have 
been chosen to illustrate the utility and appropriateness of the 
model under very different circumstances. Not all of the predictions 
made are correct, we have very far to go. The ability to make a 
definite prediction about coal reactivity from a model is an advance. 
I hope the power and utility of viewing coal as a macromolecular 
solid will be made apparent by the selected examples. 

Coals are extraordinarily difficult materials to study, and, 
more than in most areas of science, progress is general and due to 
the efforts of the whole, rather than a few. 
Progress has been rapid recently, due in part to new ideas and 
approaches rising from the general realization that coals are 
macromolecular gels and the concepts and techniques of polymer 
science apply. 

A tiny beginning has been made in relating coal macromolecular 
structure to reactivity. The importance of macromolecular structure 
can be made clear by a consideration of the general factors which are 
important in the conversion of coals to soluble materials. The 
overall conversion rate will be a function of the number of bonds 
which must be broken to produce a soluble material, some mass 
transport terms, and the rates at which the individual chemical bond 
breakings occur. The first term is a simple function of the 
macromolecular structure. In principal, knowledge of the 
macromolecular structure will lead to a reasonable understanding of 
mass transport rates. Systematic study of mass transport in coals is 
just now beginning, despite the very important role it plays in many, 
if not most, coal reactions. The intrinsic chemical reactivity of 
individual bonds or groups, the third term, is not a function of the 
network containing those groups. Any attempt to understand coal 
reactivity in a fundamental way must include a macromolecular 
structure model of sufficient specificity to be useful for 
predictions. Neither the model nor the necessp-8 theoretical 
framework yet exist, but progress is being made . In this short 
paper a structural model will be presented and related to coal 
reactivity at both low and high temperatures. The discussion will 
cover important issues which we do not understand as well as a few we 
are beginning to understand. 

No. 6 coal having the following composition (dmmf) C 
and five hydroxyl groups per 100 carbon atoms. In dr&%~84~h!~1fidh14 
we arbitrarily assumed a cluster molecular weight of 300. The 
extractable material, that not bonded to the network, has an averaqe 
molecular weight of 900, close to experimental value for this coal . 
The number average molecular weight between cross links (M ) 
3000, higher than that given by our experiments . There esists 

The structural model is shown in Figure 1, and is for an Ill. 

is 
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I, e v i d e n c e  t h a t  t h e  u s e  of  t h e  Kovac model' u n d e r e s t i m a t e s  M . The 
c l u s t e r s  which  a r e  ne twork  b r a n c h  p o i n t s ,  which  a r e  l i n k e d  €0 more 
t h a n  t w o  o t h e r  c l u s t e r s ,  are  c i r c l ed .  The m o s t  s t a r t l i n g  f e a t u r e  of 
t h e  model is t h e  l a r g e  number o f  n e t w o r k  a c t i v e  h y d r o g e n  b o n d s ,  
d e n o t e d  by h a s h  marks .  I n  t h i s  n a t i v e  coa l ,  h y d r o g e n  bond cross l i n k s  
( b r a n c h  p o i n t s )  e x c e e d  c o v a l e n t  o n e s  by a f a c t o r  o f  f o u r .  T h i s  v a l y e  
was d e r i v e d  f r o m  s o l v e n t  s w e l l i n g  m e a s u r e m e n t s  p u b l i s h e d  e l s e w h e r e  . 
p r e d i c t i o n s  a b o u t  t h e  r a t e  o f  t h e  l o w  t e m p e r a t u r e  d i f f u s i o n  
c o n t r o l l e d  r e a c t i o n  be tween maleic  anhydfhde  a n d  coal.  T h i s  h a s  b e e n  
e s t a b l i s h e d  as  a D i e l s - A l d e r  r e a c t i o n  ' . A c o n s i d e r a t i o n  o f  t h e  
known r e a c t i v i t y  o f  maleic a n h y d r i d e  i n  D i e l s - A l d e r  r e a c t i o n s  and 
c u r r e n t  coal  s t r u c t u r a l  m o d e l s  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e  
r e a c t i o n  m u s t  b e  o c c u r r i n g  be tween a n t h r a c e n e  s t r u c t u r e  u n i t s  a n d  
m a l e i c  a n h y d r i d e .  N e i t h e r  b e n z e n e ,  n a p h t h a l e n e ,  or p h e n a n t h r e n e  
r eac t .  The l i n e a r  a n t h r a c e n e  s t r u c t u r e  reacts r e a d i l y ,  e i t h e r  a s  
a n t h r a c e n e  i t s e l f  a s  shown be low or when t h i s  s t r u c t u r e  is  imbedded 
i n  a l a r g e r  p o l y n u c l e a r  aromatic s y s t e m  (PNA). The e v i d e n c e  t h a t  t h e  
r e a c t i o n  is  mass t r a n s p o r t  l i m i t e d  is: t h e  r e a c t i o n  of coals is much 
slower t a t h e  r e a c t i o n  o f  a n t h r a c e n e  i t s e l f ,  t h e  r e a c t i o n  k i n e t i c s  
f o l l o w  t?', a n d  t h e  a c t i v a t i o n  energy f o r  t h e  r e a c t i o n  i n  
o - d i c h l o r o b e n z e n e  i s  7 .5  k c a l / m o l e .  

W e  w i l l  f i r s t  u s e  t h i s  model t o  make some q u a l i t a t i v e  

6 

0 

W e  a n t i c i p a t e d  t h a t  s w e l l i n g  t h e  coa l  would i n c r e a s e  t h e  
r e a c t i o n  r a t e .  P a r t i c u l a r l y ,  a s  h y d r o g e n  bonds  were b r o k e n  by 
s o l v e n t s  l i k e  d i o x a n e ,  t h e  n e t w o r k  would  become more f l e x i b l e  and 
d i f f u s i o n  r a t e s  would  i n c r e a s e .  T h i s  d i d  n o t  happen  as shown by t h e  
d a t a  i n  T a b l e  1. W e  d o  n o t  u n d e r s t a n d  t h i s ,  and  p l a n  f u r t h e r  s t u d i e s .  

I n  o t h e r  r e s p e c t s ,  t h e  r e a c t i o n  seems n o r m a l .  The e f f e c t  o f  
b u l k y  g r o u p s  o n  t h e  r e a c t i o n  is  t o  s l o w  t h e  r a t e ,  a s  i l l u s t r a t e d  b y  
t h e  d a t a  f o r  f u m a r a t e  es ters  shown i n  T a b l e  2 .  D i - n e o p e n t y l  f u m a r a t e  
d o e s  n o t  u n d e r g o  a D i e l s - A l d e r  r e a c t i o n  w i t h  a n t h r a c e n e  or w i t h  t h e  
coa l .  

T h i s  r e a c t i o n  c a n  be  u s e d  a s  a n  i n t e r e s t i n g  p r o b e  o f  coal 
s t r u c t u r e  s i n c e  i t  l i m i t e d  t o  s t r u c t u r e s  c o n t a i n i n g  t h e  a n t h r a c e n e  
n u c l e u s .  The a n a l y s i s  o f  t h e  B r u c e t o n  coal u s e d  is 78 .6% C ,  5.0% H ,  
1 . 6 %  N ,  8 .3% 0 ( d i f f ) ,  1 . 2 %  S, a n d  5 . 4 %  m i n e r a l  mat te r .  F o r  e v e r y  
7 8 . 6  g o f  c a r b o n ,  18 g o f  maleic a n h y d r i d e  were added .  S i n c e  a 
minimum of 1 4  c a r b o n  atoms a re  r e q u i r e d  f o r  t h e  r e a c t i o n ,  a t  l e a s t  
3 9 %  o f  t h i s  c o a l ' s  c a r b o n  atoms are  i n  r e a c t i v e  PNA s t r u c t u r e s .  Wi th  
a n  f ( m e a s u r e d  by D r .  Ron P u g m i r e ,  Univ.  o f  U t a h )  o f  0 .73 ,  a b i t  
m o r e a t h e n  h a l f  of t h e  aromatic  c a r b o n s  must  be c o n t a i n e d  i n  r e a c t i v e  
PNA s y s t e m s .  T h i s  is a s t a r t l i n g  r e s u l t ,  and d e s e r v e s  b o t h  f u r t h e r  
c h e c k i n g  and e l a b o r a t i o n .  Work o n  t h i s  r e a c t i o n  c o n t i n u e s .  
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The n e x t  r e a c t i o n  t o  be  d i s c u s s e d  is  p y r o l y s i s  o f  a l ipf i te  and 
a b i t u m i n o u s  c o a l .  D e t a i l s  a r e  t o  be p u b l i s h e d  e l s e w h e r e  . We 
s t u d i e d  t h e  e m i s s i o n  of  v o l a t i l e  p r o d u c t s  f rom coals r a p i d l y  
p y r o l y z e d  (1000  K / S e C )  a n d  c o o l e d  (200  - 400 K/sec) on a w i r e  mesh. 
These  d a t a  were combined w i t h  measurements  o f  t h e  c r o s s - l i n k  d e n s i t y  
o f  t h e  c h a r s  by s o l v e n t  s w e l l i n g  w i t h  p y r i d i n e .  A s  shown i n  F ig .  2 ,  
t h e  c r o s s - l i n k  d e n s i t i e s  o f  t h e  c h a r s  i n c r e a s e  p a r a l l e l  w i t h  t h e  loss 
of  co and CO . With  no more e v i d e n c e  t h a n  t h i s ,  w e  c a n n o t  s a y  t h a t  
t h e  p y r o l y t i g  loss  o f  t h e  c a r b o x y l  g r o u p s  l e a d s  d i r e c t l y  t o  t h e  
f o r m a t i o n  o f  new c r o s s - l i n k s  i n  t h e  coal. The d a t a  c e r t a i n l y  a r e  
c o n s i s t e n t  w i t h  t h i s .  

The s i t u a t i o n  is v e r y  d i f f e r e n t  w i t h  t h e  b i t u m i n o u s  c o a l .  A s  
shown i n  F i g u r e  3 ,  t h e  p y r i d i n e  s w e l l i n g  d o e s  n o t  b e g i n  to  d e c r e a s e  
d u e  t o  c r o s s - l i n k  f o r m a t i o n  u n t i l  a b o u t  2/3 o f  t h e  t a r  f o r m a t i o n  h a s  
o c c u r r e d .  C r o s s  l i n k i n g  occurs a t  a l a t e  s t a g e  o f  p y r o l y s i s ,  as  must  
be t r u e  i f  a c o a l  is t o  m e l t  and form a good m e t a l l u r g i c a l  coke .  The 
measurement  of  c h a r  c r o s s - l i n k  d e n s i t i e s  makes t h e  v e r y  d i f f e r e n t  
p y r o l y s i s  b e h a v i o r  o f  l i g n i t e s  and  b i t u m i n o u s  c o a l s  v e r y  c lear  and  
a l l o w s  a q u a n t i t a t i v e  compar i son  be tween them. 

Coa l s  a r e  m a c r o m o l e c u l a r  s o l i d s ;  t h i s  h a s  l o n g  been  known. B u t  
o n l y  r e c e n t l y  h a s  t h e  s y s t e m a t i c  a p p l i c a t i o n  of  c l a s s i c a l  po lymer  
p h y s i c s  and c h e m i s t r y  t e c h n i q u e s  t o  coals o c c u r r e d .  A l l  o f  t h e  hopes  
w e  had f o r  t h e  power  and  s u c c e s s  of  t h e s e  t e c h n i q u e s  have  been  
exceeded .  W e  a r e  a v e r y  l o n g  way from a f u n d a m e n t a l  u n d e r s t a n d i n g  of 
t h e  r e l a t i o n s h i p s  be tween coal s t r u c t u r e  and r e a c t i v i t y ,  b u t  p r o g r e s s  
is b e i n g  made and t h e  p rob lem c a n  be  s o l v e d .  
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FIGURE 1 .  Macromolecular Structural Model f o r  An I l l i n o i s  No. 6 Coal 
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FIGURE 2. Yie lds  of Carbon Monoxide (o), Carbon Dixo ide (o), and the Rat io  o f  

I n i t i a l  t o  F ina l  Number Average Molecular  Weights Between Cross l inks 
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FIGURE 3. Tota l  V o l a t i l e s  Y i e l d  ( ), Tar Y i e l d  (o),  and Char Volumetric Swel l ing 

Ra t io  i n  P y r i d i n e  ( 0 )  as  a Function o f  Py ro l ys i s  Peak Temperature f o r  
Bruceton Coal 
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TABLE 1. Influence of the solvent  on the r a t e  o f  addi t ion  of maleic anhydride t o  
Bruceton coal a t  90 t 3OC 

Slopea (g h1l2)  Swelling r a t i o  Sol vent 

1,2,4-trichlorobenzene (TCB) 
o-dichlorobenzene (oDCB) 
m-dichl orobenzene (mDCB) 
p-dichlorobenzene (pDCB) 
Nitrobenzene ($NO*) 
0-xyl ene 
Dioxane 
Chlorobenzene 

0.0018 
0.0018 
0.0018 
0.0025 
0.0016 
0.0015 
0.0015 
0.0017 

1.16 
1.22 
1.42 
1.06 
1.56 
1.33 
1.62 
1.43 

aslope of a p l o t  of mass o f  coal product versus E (h)  

TABLE 2. Ratio and ex ten t  of reac t ion  of  fumarate esters w i t h  Bruceton coal 
swollen w i t h  xylene a t  200°C 

Dineophile Slope (Ag/hr’/*, X10-4) Rel. Ratea 

Dimethyl fumarate 

D i e t  hy 1 fumarate 

Di -n-hexyl fumarate 

22 

25 

32 

1 

0.95 

0.73 

Diphenyl fumarate 36 0.87 

Dineopentyl fumarate 0 0 

Maleic Anhydride 80 5.3 

aNormalized t o  a moles hr-’l2 bas is .  All reac t ions  a r e  d i f fus ion  cont ro l led  
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